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ABSTRACT: In this work, we investigate the impact of pressure and oxygen on 
the kinetics of and products from the gas-phase photolysis of pyruvic acid. The 
results reveal a decrease in the photolysis quantum yield as pressure of air or 
nitrogen is increased, a trend not yet documented in the literature. A Stern Volmer 
analysis demonstrates this eﬀ ect is due to deactivation of the singlet state of 
pyruvic acid when the photolysis is performed in nitrogen, and from quenching of 
both the singlet and triplet state in air. Consistent with previous studies, 
acetaldehyde and CO2 are observed as the major products; however, other 
products, most notably acetic acid, are also identified in this work. The yield of 
acetic acid increases with increasing pressure of buﬀ er gas, an eﬀ ect that is 
amplified by the presence of oxygen. At least two mechanisms are necessary to 
explain the acetic acid, including one that requires reaction of photolysis 
intermediates with O2. These findings extend the fundamental understanding of 
the gas-phase photochemistry of pyruvic acid, highlighting the importance of 
pressure on the photolysis quantum yields and products. 
 
 
 
 
I. INTRODUCTION 
 
Sunlight is the major source of energy for Earth’s atmospheric 
chemistry.1−4 Photochemical reactions determine the composi-
tion of the atmosphere through direct photolysis, and by the 
formation of reactive species, such as the hydroxyl radical, which 
trigger regionally defining chemical cycles.5 For example, 
processing of volatile organic compounds (VOCs), which have an 
annual emission budget of 1300 Tg C/yr,6,7 in the presence of 
 •OH is related to the formation of smog, haze, and secondary 
organic aerosol.8−10 While many VOCs found in the troposphere 
are removed most eﬃciently through oxidation by the hydroxyl 
radical,8,9 direct photolysis can become important if the molecule 
has absorption features in the actinic range and its reaction with 
 •OH is slow, as is the case for some carbonyl compounds.11−14 
Further, a few aldehydes and ketones have demonstrated a 
photolysis quantum yield that is dependent on pressure, and, by 
extension, altitude.15−17 In these instances, it is of fundamental 
and practical importance to understand the photophysical and 
photochemical properties that are determining factors in the 
lifetime and atmospheric impact of the involved molecules, 
 
including their absorption cross sections, reaction 
pathways, and quantum yields.8,18,19 
 
Pyruvic acid, formed in the oxidative processing of 
isoprene,20−22 is one compound removed from the atmosphere 
primarily by direct photolysis, while reaction with •OH and wet 
deposition act as secondary sinks.12,18 It has been detected in the 
 
 
 
aerosol (up to 140 ng m−3), and in gas phase (10−100 ppt), in 
 
snow and rainwater and, therefore, is a 
molecule of 
 
interest to many aspects of atmospheric research. 
Laboratory studies of pyruvic acid have investigated a variety of reactions, 
 
including gas and condensed phase photolysis, hydroxyl 
radical oxidation,12,51,52 thermal decomposition,53 ,54 multi-
photon pyrolysis,55 and vibrational overtone induced decarbox-
ylation.56−58 Computational studies on pyruvic acid’s electronic 
structure, conformational possibilities, and barriers to decarbox-
ylation complement and confirm the available experimental 
results.41,59−63 Laboratory studies of the photochemistry of 
pyruvic acid in both the gas and aqueous phase began in the 
1960s; however, it is not completely clear how results from these 
e a r l y s t u d i e s a p p l y t o c h e m i s t r y i n t h e t r o p o - 
sphere.38,39,43,48 ,49 ,64−66 Given that pyruvic acid processing in 
the atmosphere is dominated by photolysis,18,26 it is necessary to 
develop a kinetic and mechanistic understanding of this chemistry 
in the wide variety of environments in which pyruvic acid is 
found. Because of its relevance to atmospheric chemistry and 
seeming sensitivity to reaction conditions, investigation of the 
aqueous photolysis of pyruvic acid, which progresses through 
triplet and radical chemistry to produce oligomeric products, has 
been revived,18,40,42 yet, similar attention to its gas-phase 
 
 
 
 
 
18,36−50 
 21,23−35 
  
counterpart has not received similar recent attention. Never-
theless, as the gas-phase photolysis of pyruvic acid is expected 
to dominate over the aqueous photolysis as a sink for pyruvic 
acid under most atmospheric conditions,14,18 a deeper 
fundamental understanding of this chemistry is essential. 
 
Early literature on the photochemistry of pyruvic acid vapor 
characterized its photolysis under low overall pressures (less than 
150 Torr) and high temperatures (∼350 K), using narrowband 
radiation (λ ≤ 366 nm).39,48 ,67 These studies observed a quantum 
yield of about 1.0 for pyruvic acid loss upon photon absorption 
and identified products including CO2 (∼100% yield) and 
acetaldehyde (45−80% yield).39,48 In considering the likely 
photochemical mechanisms at play, direct bond cleavage is often 
the most common form of photolysis. However, most of these 
pathways for pyruvic acid are inaccessible in the troposphere, 
requiring wavelengths of light less than 250 nm.59 The one 
atmospherically feasible bond fission pathway, which can be 
achieved with radiation less than 340 nm, is breaking of the 
carbon−carbon bond between the keto and acid functional groups 
(CH3C(O)COOH → CH3 •CO + •COOH).59 Never-theless, the 
most energetically favorable mechanism for the photolysis of gas-
phase pyruvic acid, and the most direct pathway to CO2 and 
acetaldehyde, requires hydrogen atom transfer and C−C bond 
cleavage, progressing through a five-membered, cyclic transition 
state.39,59,60 Scheme 1 outlines this decarbox- 
 
 
Scheme 1. Primary Mechanisma for the Gas-Phase Photolysis 
of Pyruvic Acid, Yielding CO2 and Acetaldehyde39 
 
 
as formic acid and formaldehyde, but found lower pyruvic acid 
photolysis quantum yields of ϕ = 0.43 and ϕ = 0.21. These results are 
summarized in Mechanisms of Atmospheric Oxidation of the 
Oxygenates.12,70,71 
 
Comparing the laboratory, low-pressure studies to results from 
experiments performed near atmospheric pressure, it is clear that 
new products are generated from pyruvic acid photolysis at higher 
pressures, where the reported quantum yields are highly variable. 
Further, the pressure dependent photolysis of other compounds 
with carbonyl functionality necessitates a systematic study of the 
eﬀ ect of pressure on the photolysis of pyruvic acid.15−17,72,73 In 
this fundamental study, we photolyze 0.05−0.9 Torr of pyruvic 
acid at room temperature (295 K) with 0−600 Torr of either 
nitrogen or air. The quantum yields and products are examined as 
a function of pyruvic acid concentration, total pressure, and the 
presence of oxygen, in order to characterize the sensitivity of gas-
phase pyruvic acid photolysis to these variables. 
 
II. EXPERIMENTAL SECTION 
 
Photolysis of gas-phase pyruvic acid was investigated to deduce 
the eﬀ ect of pyruvic acid concentration, total pressure, and the 
presence of oxygen on the decomposition rate and resulting 
products. Photolysis reactions were performed in an unmixed 
crossed glass cell to allow for concurrent sample irradiation and 
chemical analysis (Figure 1). To simulate the solar spectrum, we 
 
 
 
 
 
 
 
 
 
 
aThe blue carbon represents the 13C in labeled experiments. 
 
 
ylation process to form methylhydroxycarbene, which eventually 
 
isomerizes  into  acetaldehyde. This  photochemical 
 
 
 
 
 
 
 
pathway  is supported by  laboratory  studies and is quite eﬃcient, even when excitation comes from light red of λmax, up to wavelength s of 366 nm.39,48 Although , with  the exception of init iation of decarboxy lation in the ground state by  vibrational overtone excitat ion,56−58  photoly sis with longer wavelengths that excite electronic transit ions have not been explored in the l iterature. 
 
 
In addition to the low-pressure work, three previous studies 
have investigated the photolysis of gas-phase pyruvic acid in air at 
atmospheric pressure (760 Torr). The first, by Grosjean in 1983,47 
photolyzed 330 ppb of pyruvic acid in a 4 m3 Teflon chamber, 
using solar radiation as the light source.47 Grosjean detected 
acetaldehyde and formaldehyde, noting that CO2 is also 
a known major product.47 In 1992, Berges and Warneck46 
performed an experiment under similar conditions, but with 50− 
100 ppm pyruvic acid and irradiation at 350 nm.46 While they find 
a smaller quantum yield than the low-pressure laboratory studies 
(Φ = 0.85), they do report similar product yields of acetaldehyde 
(Φ = 0.48) and CO2 (Φ = 1.27). They also identify additional 
products, including acetic acid (Φ = 0.14) and trace amounts of 
CO and CH4.46 A later analysis using a smog chamber also 
detected acetaldehyde, acetic acid, and CO, as well 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Crossed photochemical reaction vessel with photolysis and 
spectroscopic chambers. A collimated xenon arc lamp is directed 
through a Pyrex window to initiate photolysis with broadband, UV− 
visible radiation (λ > 290 nm). The concentration of pyruvic acid and 
its photoproducts are monitored in situ by FTIR. 
 
 
used a broadband light source (Newport 450 W Xe arc lamp) with 
a Pyrex window to attenuate UV-radiation below 290 nm (for 
spectrum see Figure 2). The lamp spectrum was recorded with a 
spectroradiometer (International Light, RPS900 Wise-band Rapid 
Portable Spectroradiometer) in absolute irradiance mode, and 
NO2 actinometry was used to verify the quantification of the flux 
through the photochemical cell (see the Supporting Information 
for details of NO2 actinometry).8,74−76 Figure 2 shows our lamp 
spectrum and its overlap with the pyruvic acid UV cross-section, 
along with the solar flux near Earth’s surface (see Figure S1 for 
full spectra).77 The overlap of the actinic flux with our lamp 
spectrum clearly demonstrates the distribution of wavelengths in 
the region of the pyruvic acid absorption spectrum in the cell are 
very similar to those available in the troposphere, validating the 
atmospheric relevance of this study. 
 
Contents of the cell were monitored in situ by the external 
beam of a Bruker IFS-66v/s FTIR spectrometer, which was 
 
 
 39,48,59,61 
 
39,61,68,69 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Lamp flux inside the cell (red) and its overlap with pyruvic 
acid’s ultraviolet absorption cross-section (blue, reproduced from 
Sander et al.).78 The pink shaded regions indicate the expected error 
in our quantification of the lamp photon flux. The gray trace represents 
the solar spectrum near Earth’s surface to specify the similar 
distribution of wavelengths between our lamp and the actinic flux. 
The solar data was reproduced from Rottman and Woods (1991) but 
scaled for comparison.77 
 
 
collected by a liquid nitrogen cooled MCT detector. FTIR spectra 
of the reacting mixture were taken every 5 min and analyzed 
using the MATLAB software, Main Polwin, which was 
developed at CEAM (Spain). It is based on a linear square fitting 
routine modified to improve the filtering process to remove 
baseline and broad absorptions of unknown compounds. This 
software compares standardized spectra, collected with the same 
apodization function (Happ-Genzel) and resolution (0.5 cm−1) 
that we chose for our measurements, with the experimental 
spectra at each time step to determine the contribution of each 
chemical component. The program is run over at least five 
wavenumber ranges, to span the region from 760 to 3600 cm−1, 
with each standardized spectrum added only after visual 
identification in the experimental spectra. The concentration of 
each species is then calculated from averages of the model output 
(ratios of a given products standardized spectrum to the 
absorption it contributes to each experimental FTIR spectra) over 
each wavenumber range and Beer’s law. 
 
Pyruvic acid (98%) was obtained from Sigma-Aldrich and 
distilled under reduced pressure before use. Reagents for the 
photolysis of labeled pyruvic acid include CH3C(O)13COOH 
(≥99 atom % 13C, ≥ 99% (CP), Sigma-Aldrich) and 
CH313COOH (≥99 atom % 13C, Sigma-Aldrich). Before each 
experiment, pyruvic acid was degassed with at least nine 
freeze− pump−thaw cycles and heated to 30 °C while pulling 
vacuum for 5 min to remove excess water. It was then 
vaporized into the evacuated cell at room temperature (∼22 °C) 
to a partial pressure of approximately 0.05, 0.3, or 0.9 Torr and 
balanced with nitrogen (Airgas, Ni UHP300) or synthetic air 
(Airgas, Ai Z300) to the desired pressure. Dark decays before 
photolysis show no reaction of pyruvic acid prior to 
irradiation. Addition-ally, some experiments were left in the 
dark for up to an hour following final light exposure. No 
increase of any product, nor decrease in pyruvic acid, was 
observed during this final dark period, and, therefore, the 
products we report must be directly related to photolysis. 
 
An MSK baratron capacitance manometer (Type 626) was used 
to monitor pressure in the cell, which varied between 0 and 600 
Torr depending on the experiment. Because of our small, unmixed 
photolysis reactor, care must be taken to ensure that gas diﬀusion 
throughout the cell is not competing with the decay of pyruvic 
acid. Experiments were performed with alternating dark 
 
and light intervals, and pyruvic acid decay was instantaneous 
upon irradiation at all pressures. Furthermore, no additional 
decrease in pyruvic acid occurred in the dark following 
photolysis. There is no indication in the data presented here 
that competition between diﬀusion and the photochemical 
decay of pyruvic acid is occurring under our reaction 
conditions. Nevertheless, because of the size of our cell and 
the slow photolysis of pyruvic acid near atmospheric pressure, 
the reported values in this work’s highest-pressure experiments 
(600 Torr) are shown to indicate the continuation of a trend, 
but are not meant for further quantitative analysis. 
 
III. DATA ANALYSIS 
 
Here, we sought to determine the photolysis quantum yield 
for pyruvic acid as a function of pressure. This was 
accomplished by measuring the J-value, or first-order 
photochemical rate constant, at a variety of pressures and 
subsequently deriving the quantum yield from eq 1 
 
J = ∫ λ2 d λ F(λ )σ (λ )ϕ(λ ) 
λ1 (1) 
 
where F is the photon flux, σ is the molecular cross section, 
and ϕ is the quantum yield. 
 
To evaluate the J-value, the decay of pyruvic acid during dark 
and light intervals was characterized for each experiment. Pyruvic 
acid exhibited variable non-negligible wall losses in the dark, 
which were quantified by measuring pyruvic acid’s rate of decay 
during alternating 30 min dark and light intervals. We 
approximate the dark decay as a first order process in which 
 
pyruvic acid irreversibly sticks to the wall with the rate 
constant kd (s−1) (eq 2). 
 
[PA] = [PA]0 e−kdt (2) 
 
The J-value was determined from the overall loss rate for 
pyruvic acid during the light cycles, accounting for both the 
dark decay and photolysis simultaneously with the 
exponential expression, 
 
[PA] = [PA]0 e− (kd + J )t (3) 
For each cycle, we found kd from the loss of pyruvic acid during 
the dark interval (eq 2), and then extracted J for the following 
photolysis period by fitting the data to eq 3. Figure 3 shows one 
example of the decay of pyruvic acid with the determined 
exponential curves. This method reproduced the data well for all 
experiments covered in this work, evidence that the primary loss 
mechanism for pyruvic acid in the cell was a result of 
unimolecular photolysis, as opposed to secondary chemistry. 
 
Finally, average quantum yields were calculated for pyruvic 
acid from the determined J-value at each pressure and eq 1. It is 
important to note that we do not measure wavelength dependent 
J-values and therefore cannot determine ϕ(λ). What we report is 
an average quantum yield over the wavelengths of light for which 
pyruvic acid absorbs in our setup (∼290−380 nm, Figure 2), and 
corresponds to excitation of S1. Calculated quantum yields are 
tabulated in Table S1 and depicted in Figure 4. For each pressure 
and concentration, a minimum of two experiments and six dark/ 
light cycles were analyzed and included in the overall reported 
ϕAvg. Error bars in Figure 4 were determined from calculated 
standard deviations of the measured J-values for pyruvic acid and 
for NO2, which were propagated through the quantification of the 
photon flux in the cell, to determine the quantum yield 
uncertainty. Though the reported quantum yields include a range 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Example photolysis experiment of 0.22 Torr of pyruvic 
acid and 30 Torr of nitrogen, with three dark/light cycles. Gray 
boxes indicate dark conditions while yellow boxes represent 
photolysis periods. The black dots are experimental data. The 
dotted lines are the resulting fits to pyruvic acid in the dark, in the 
form of eq 2, and the solid lines are the fits to pyruvic acid during 
photolysis, in the form of eq 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Quantum yields for the photolysis of pyruvic acid as a function 
of total pressure. Black markers indicate results from the previous studies: 
(◆) Vesley and Leermakers (1964),39 (+) Berges and Warneck (1992),46 
and (▼, June) and (▲, October) Winterhalter et al. (2001).70 
 
 
of wavelengths, given the good agreement between our 
lamp spectrum and the solar spectrum, they are 
representative of the average quantum yields expected for 
pyruvic acid in the atmosphere under dry conditions. 
 
IV. ELECTRONIC STRUCTURE OF PYRUVIC ACID 
 
Before discussing our results, we provide an overview of the 
energetic landscape of pyruvic acid, determined from the existing 
body of literature, in order to outline the photophysics relevant to 
the photochemistry of pyruvic acid. Figure 5 gives a qualitative 
overview of its electronic structure, compiled from previously 
published computational and laboratory studies.39,48,59− 61 There 
are two nearly isoenergetic conformers of pyruvic acid (Tc and 
Tt), which diﬀ er in their hydrogen bonding. We focus on the Tc 
conformation, which has a hydrogen bond between the acidic 
hydrogen and keto functional group and is therefore the more 
stable of the two conformers (Figure 5).61,79,80 
The photolysis of pyruvic acid begins with absorption of a 
photon near 350 nm, which excites the molecule to S1 through an 
n−π* transition, as shown in Figure 5, process A.39,48,81 From 
here, a variety of diﬀ erent photophysical and photochemical 
processes can occur. Fluorescence, internal conversion, and/or 
vibrational relaxation (process B) would steer pyruvic acid back 
toward the ground state. Intersystem crossing from the S1 state 
into the T1 state may also occur. If the excitation is significant 
 
 
 
 
 
 
 
 
 
 
 
enough to overcome the barriers in S1, the molecule could proceed along the S1 surface to form products. However, a 2014 computational study by Chang et al. located a conical 
intersection between S0 and S1.59 Internal conversion through the conical intersection would create a vibrationally hot molecule in S0 that may continue toward decarboxylation on the 
S0 surface or return to pyruvic acid.59 Other photolysis pathways may also come from pyruvic acid molecules in the Tt conformation, which have a trans CCOH arrangement, as there is 
an increase upon irradiation in the fraction of Tt pyruvic acid in the S1 state. 
 
Previous laboratory studies are not conclusive regarding the state 
from which the mechanism outlined by Scheme 1 occurs, or whether a 
triplet surface is involved.39,48,67 Both Vesley and Leermakers 
(1963)39 and Yamamato and Back (1983)48 conclude that lack of 
quenching from oxygen likely rules out T1 as a significant player in 
the gas-phase photolysis.39,48 However, if the lifetime of the excited 
state is significantly shorter than collision times, the absence of an 
oxygen eﬀ ect does not inform this subject.39 In fact, according to 
Chang et al.,59 the T1 surface, possibly accessed via the conical 
intersection, may be an additional source of methylhydroxycarbene 
and CO2.59 Assum-ing the majority of pyruvic acid does react on a 
singlet surface, as these studies speculate, the existing literature is 
unable to define whether it occurs in the first excited (S1) or ground 
state (S0). Yamamoto and Back (1983) imply the major process is on 
the S1 surface, but they do not explicitly consider the possibility of 
decarboxylation on S0.48 Experimental and computational work 
regarding vibrational overtones of pyruvic acid demonstrate that S0 
acetaldehyde.56−58,60 chemistry can yield CO2 and 
While we do not rule out the possibility of some triplet 
state 
 
involvement  in  the  chemistry, the  most  probable 
 
 
 
 
 
 
 
 
 
 
 
photolysis pathway following excitation to S1, is for pyruvic acid to proceed via intersystem crossing through the conical intersection and decarboxylate in S0 to form ground state methylhydroxycarbene (unlike CH2, the ground state of CH3COH is a singlet)68 and CO2. 
Methylhydroxycarbene then must overcome a significant barrier (∼140 kJ/mol)58 to form the observed final product, acetaldehyde. We note that the pathway to form methylhydroxycarbene in S0, combined with the barrier to the isomerization reaction that forms acetaldehyde, suggests 
that it could have a longer lifetime than expected, allowing it to participate in favorable bimolecular reactions. 
 
 
V. DISCUSSION 
 
V.A. The Kinetics of the Photolysis of Gas-Phase 
 
Pyruvic Acid. Figure 4 shows the average photolysis quantum 
yields (ϕAvg) determined for initial pyruvic acid pressures of 
0.05 and 0.3 Torr as a function of pressure of air and nitrogen 
from 0 to 600 Torr. Because broadband radiation was used for 
this experiment, our quantum yields are an average over the 
entire S1 transition (∼290−380 nm, Figure 2). 
 
For the photolysis of 0.3 Torr of pyruvic acid with no buﬀ er gas, 
we measure ϕAvg = 1.24 ± 0.08, which is an increase from the 
previously published low-pressure quantum yield of 1 by Vesley and 
Leermakers (1964),39 and indicates some radical chemistry in our 
system. Vesley and Leermakers (1964),39 however, used 
monochromatic radiation of 360 nm, while we use a broadband solar 
simulator with radiation reaching as low as 300 nm. There is previous 
evidence the direct bond cleavage channel, creating CH3•CO and 
•COOH, can account for approximately 40% of pyruvic acid loss 
when it is irradiated with 350 nm radiation;46 although, computational 
studies have reported the threshold may be closer to 340 nm.59 
Nevertheless, while there is substantial 
 
 
 58,68 
 
39,48,59 
 
79,80 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Qualitative electronic structure diagram for pyruvic acid, as described in Chang et al. (2014),59 with important photophysical and photochemical processes 
indicated by green arrows. UV radiation can excite pyruvic acid from its ground state, shown in the Tc conformer, to the S1 
 
state (A). Vibrational relaxation (B) could inhibit the molecules ability to overcome barriers to decarboxylation. 
 
 
light in our system for some bond fission to occur, it is likely 
this pathway accounted for much less of the pyruvic acid 
decay in Vesley and Leermaker’s lower energy experiment. 
Further, acetaldehyde photolysis to •CH3 and •CHO is possible 
with λ < 330 nm (see also section V.B), which may act as 
another small source of radicals in our system.15,59 Once 
created, these radicals, which will be higher in concentration 
in our system than in the Vesley and Leermakers experiment, 
can initiate radical reactions that consume more than one 
pyruvic acid molecule per photon absorbed by pyruvic acid, 
resulting in a quantum yield greater than one. 
 
As the pressure of buﬀ er gas is increased from 0 Torr, the 
quantum yield decreases. While this eﬀ ect is observed for 
experiments performed in both nitrogen and air, the quantum 
yields in air were consistently lower than their counterparts in 
nitrogen, particularly between 30 and 200 Torr. Additionally, the 
quantum yield decreases as the initial concentration of pyruvic 
acid is increased. This is the first report of a clear eﬀ ect of 
pressure on the photolysis quantum yield of gas-phase pyruvic 
acid. Nevertheless, there are studies of other carbonyl molecules, 
including acetaldehyde and acetone, that exhibit a similar 
 decrease in quantum yield with increasing buﬀ er gas 
pressures.15−17,72,82 
 
The current literature regarding quantum yields for pyruvic acid 
photolysis at higher pressures is inconsistent. Vesley and 
Leermakers (1963)39 and Yamamoto and Back (1985)48 studied 
the photolysis in pressures up to 150 Torr and found no reduction 
in ϕ; however, they used higher pyruvic acid concentrations and 
temperatures than our experiments. Conversely, all of the quantum 
yields measured from experi-ments conducted at pressures near 
760 Torr to date have been smaller than 1; however, they span a 
wide range from ϕ = 0.85 to 
 
ϕ = 0.21.13,46,70,78 The variability between these measurements 
could be due to diﬀ erences in water content, pyruvic acid 
concentration, and/or the light source used, as they are not 
 
consistent between the diﬀ erent studies. Our results, 
 
 
 
which give a quantum yield of ϕ = 0.24 ± 0.05 for the photolysis of pyruvic acid in 600 Torr of air, agree with the low end of these previously reported 
values. 
 
We conducted a Stern−Volmer analysis to explore the 
possibility of collisional deactivation as the mechanism for the 
decrease in quantum yield. If only the singlet state is actively 
quenched, we expect a linear relationship between 1/ϕ and [M]; 
however, if both the singlet and triplet states are accessible and 
quenched, a Stern−Volmer analysis will result in a 
nonlinear 
 
curve. According to the known primary pathway for 
decarboxylation (Scheme 1), the mechanism begins by exciting 
pyruvic acid (PA) to a reactive singlet state (PA(S)*, eq 4a), 
which could be in either S1 or S0. PA(S)* then decarboxylates to 
form CO2 and methylhydroxycarbene (eq 4b). We add the 
possibility that collision with the buﬀ er gas, M, returns PA(S)* to 
an unreactive form of pyruvic acid, PA (eq 4c). 
 
PA + hν → PA(S)* k1 (4a) 
PA(S) * → CO2 + CH3COH kdS (4b) 
PA(S)* + M → PA + M kqS (4c) 
Though a majority of the products are expected to be 
produced on the singlet surface, there is some 
computational evidence for triplet involvement.59 We 
therefore include the possibility that pyruvic acid can 
intersystem cross into the triplet regime, where it will either 
decarboxylate or be quenched (eq 4d−f). 
 
PA(S1)* → PA( T1)* kISC (4d) 
PA(T)1 * → CO2 + CH3COH kdT (4e) 
PA(T)1 * + M → PA + M kqT (4f) 
 
 
 16,17,83 
 
70,78 
 
46,70,78 
  
If this mechanism describes the most important processes 
involved in the loss of pyruvic acid, a plot of 1/ϕmeasured 
versus [M] will produce a curve corresponding the equation: 
1 =  A [M]2 + B [M] + C 
 ϕ
measured 
ϕ
0 
(α[M]
 
+
 
ȕ)
 (5a) 
where ϕ0 is the quantum yield with no buﬀ er gas, ϕmeasured is the 
measured quantum yield at each pressure, and A, B, C, α, and ȕ 
 
are a combination of the six rate constants from eq 4 (see 
Supporting Information, section 3).84 If quenching only occurs 
in the singlet state, eq 5a reduces to the linear equation 
 
1 
= Ȗ [M] + ζ ϕ
measured (5b) 
 
where Ȗ and ζ are new combinations of the five remaining rate 
constants. Because there are more rate constants than variable 
coeﬃcients for both eq 5a and eq 5b, we cannot extract 
information about the individual rate constants and therefore 
do not reproduce the whole equations or values for constants 
here. See Supporting Information, section 3, for full derivation 
and constant values determined by regression analysis. 
Figure 6 shows 1/ϕmeasured versus [M] for the photolysis of 
0.05 Torr of pyruvic acid in air and in nitrogen (see Figure S2 for 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Stern−Volmer Plot for 0.05 Torr of pyruvic acid with M = 
N2 (red) and 0.05 Torr pyruvic acid with M = air (blue). The data for 
the photolysis of pyruvic acid in nitrogen fits a line eq 5b, while the 
data taken in air fits the form of eq 5a. See Supporting Information, 
section 3, for constant values from regression analysis. 
 
 
0.3 and 0.9 Torr Stern−Volmer plots). The quantum yields 
from photolysis reactions performed in air fit the shape of eq 
5a well (R2 = 0.9997), indicating the triplet state is slightly 
accessible and both the singlet and triplet states are quenched 
by O2. Conversely, the quantum yields from photolysis 
reactions performed in nitrogen exhibit linearity (R2 = 
0.9901). This result indicates that, when M = N2, the decrease 
in quantum yield with increasing pressure is due primarily to 
collisional deactivation of the singlet state of pyruvic acid, 
while the triplet state is not eﬀ ectively quenched by nitrogen. 
The Supporting Information (section 3) gives the coeﬃcients 
for the lines, determined in MATLAB. 
 
Upon inspection, there are a few reasons we observe a linear 
Stern−Volmer trend in nitrogen but a curved one in air. First, 
collision-induced electronic deactivation of pyruvic acid from S1 
to S0 is improbable.48 Therefore, the singlet state quenching is 
likely due to vibrational deactivation, prohibiting pyruvic acid 
from accessing the final decarboxylation pathway in S0. 
Vibrational deactivation is also consistent with the decreasing 
quantum yield with increasing pyruvic acid concentration, as 
 
pyruvic acid is expected to be more eﬃcient than O2 or N2 in the 
quenching of PA* given its size and resonant frequencies. 
However, the barrier to reaction in the triplet state is expected to 
be low,59 so its quenching would require electronic deactivation 
to the singlet ground state, a forbidden transition and significantly 
slower process in nitrogen. On the other hand, the presence of 
oxygen, an eﬃcient quencher of triplet states,83 allows for rapid 
interconversion from PA(T1)* to PA(S0), resulting in quenching 
of two states and the curved trend in air. 
 
This Stern−Volmer analysis shows that the triplet state of 
gas-phase pyruvic acid is slightly accessible, but that most 
pyruvic acid decays from a singlet manifold. The small 
reduction in quantum yield in air compared to nitrogen is due 
to triplet quenching made possible by the presence of oxygen. 
Although, as is clear from Figure 4, this decrease in rate due to 
triplet quenching is much less than that from singlet collisional 
deactivation, indicating that only a few trajectories in the 
photolysis of pyruvic acid actually proceed on the triplet 
surface. Previous laboratory studies did not observe an eﬀ ect 
of air, and therefore ruled out the triplet state as a major player 
in this reaction.39,48 The T1 eﬀ ect we discern is minor, and 
therefore, our result agrees with previous conclusions that a 
majority of pyruvic acid decay is due to singlet chemistry. 
 
V.B. Products from Gas-Phase Pyruvic Acid Photolysis. 
Table 1 lists average percent yields determined here for the 
products from pyruvic acid photolysis as a function of pressure 
and also includes those available from previous studies of pyruvic 
acid photolysis at 760 Torr.46,70,71 FTIR spectra confirming the 
identification of each product, as well as experimental data for 
products for an example experiment, are shown in the Supporting 
Information (Figures S3−S7). In agreement with the literature to 
date, the major products under all conditions in this work are 
carbon dioxide and acetaldehyde, indicating 
 
Scheme 1 is indeed the primary photolysis pathway. 
 
 
Earlier studies of the photolysis of pyruvic acid measured yields of 
45−80% for acetaldehyde and 100−127% for CO2. 
 
results are consistent with these values, with acetaldehyde 
percent yields ranging between 40% and 70%, while the 
carbon dioxide yields are generally much higher, between 
80% and 140%. Carbon dioxide yields in excess of 
acetaldehyde, and above 100%, are consistently reported in 
previous works, and are discussed briefly below. 
 
Many minor products are also identified in these experiments 
(Table 1). Of these, formaldehyde,47,70,71 formic acid,70,71 
methane,39,46 methanol,46 carbon monoxide,39,46,70,71 and acetic 
acid46,70,71 have been characterized in previous studies, though 
no paper includes them all. The yields in Table 1 are relatively 
consistent with the literature to date in that they are similar to 
previously published yields for each product in the respective 
studies. However, acetic acid has never before been observed in 
the low-pressure laboratory studies of pyruvic acid photolysis. 
Further, our pressure specific data highlights an interesting new 
trend in the acetic acid percent yields they increase with 
increasing pressure of buﬀ er gas. This eﬀ ect is amplified in air, 
resulting in a maximum acetic acid yield of 15% when pyruvic 
acid is photolyzed in 600 Torr of air. This behavior indicates there 
could be multiple pathways leading to acetic acid. A recent 
computational paper provides some insight into one possible 
mechanism to form acetic acid directly from the photolysis of 
pyruvic acid.60 Da Silva (2016)60 highlights an energetically 
feasible reaction coordinate, which proceeds through a lactone 
transition state to create CO and acetic acid. He predicts that it 
 
 
39,46,48 Our 
 
39,48,59,60 
                
 
Table 1. Average Final Percent Yieldsa of Products Calculated from the Photolysis of Pyruvic Acidb     
          
product yields (%) for the photolysis of gas-phase pyruvic acid 
    
              
                       
p
buffer gas  
p
pyruvic acid      
13CO 
            
(Torr) buﬀ er gas (Torr) CO2 CO CH3CH(O) CH3C(O)OH HCH(O) CH4 CH3OH HC(O)OH 
0.0 none 0.3  49 ± 3 4.0 ± 0.3 − 53 ± 3 2.5 ± 0.2 0.50 ± 0.03 1.01 ± 0.06 1.9 ± 0.2 0.68 ± 0.05 
0.0 none 0.05  85 ± 16 10 ± 2 − 49 ± 9 3 ± 2 2.0 ± 0.7 1.7 ± 0.5 4 ± 1 1.4 ± 0.6 
30.0 air 0.3  89 ± 9 3.7 ± 0.4 − 56 ± 6 4 ± 1 2.2 ± 0.9 0.08 ± 0.04 5 ± 4 1.0 ± 0.2 
30.0 air 0.05  103 ± 6 4.8 ± 3 − 61 ± 3 4.7 ± 0.4 3.5 ± 0.2 0.34 ± 0.09 1.2 ± 0.4 0.7 ± 0.1 
30.0 nitrogen 0.3  88 ± 10 3.8 ± 0.6 − 56 ± 6 3.1 ± 0.2 0.73 ± 0.09 0.19 ± 0.03 5.4 ± 0.5 0.69 ± 0.05 
30.0 nitrogen 0.05  98 ± 6 4.0 ± 0.2 − 60 ± 4 0.6 ± 0.1 0.8 ± 1 − 5.0 ± 0.6 0.9 ± 0.86 
30.0 nitrogen 0.3*  − 1.4 ± 0.1 1.4 ± 0.1 41 ± 3 1.2 ± 0.2 0.75 ± 0.06 0.13 ± 0.08 5.5 ± 0.4 0.3 ± 0.1 
100.0 air 0.3  127 ± 26 5 ± 1 − 65 ± 14 9 ± 2 5 ± 1 0.10 ± 0.03 2.3 ± 0.6 2.9 ± 0.8 
100.0 air 0.05  139 ± 23 6 ± 1 − 69 ± 12 7 ± 1 6 ± 1 − 1.2 ± 0.6 1.9 ± 0.3 
100.0 nitrogen 0.3  116 ± 28 4 ± 1 − 62 ± 14 3.6 ± 0.8 1.3 ± 0.3 − 10. ± 2 0.9 ± 0.2 
100.0 nitrogen 0.05  129 ± 35 5 ± 1 − 73 ± 21 2.4 ± 0.6 1.8 ± 0.5 − 8 ± 3 0.8 ± 0.6 
200.0 air 0.3  108 ± 28 4 ± 1 − 53 ± 13 11 ± 3 5 ± 1 0.02 ± 0.02 2 ± 1 5 ± 2 
200.0 air 0.05  120 ± 26 5 ± 2 − 60 ± 14 10 ± 2 7 ± 2 0.15 ± 0.22 1.1 ± 0.3 2.5 ± 0.9 
200.0 nitrogen 0.3  122 ± 45 4 ± 1 − 60 ± 17 5 ± 2 1.6 ± 0.8 − 12 ± 5 1.3 ± 0.4 
200.0 nitrogen 0.05  109 ± 24 4 ± 1 − 61 ± 14 4 ± 2 1.9 ± 0.9 − 8 ± 3 0.8 ± 0.3 
400.0 air 0.3  99 ± 14 3.3 ± 0.5 − 45 ± 6 12 ± 2 5.6 ± 0.8 − 2.2 ± 0.3 3.4 ± 0.6 
400.0 nitrogen 0.3  96 ± 17 3.0 ± 0.5 − 49 ± 7 4.4 ± 0.6 1.9 ± 0.3 − 11 ± 2   
600.0c air 0.3  110 ± 25 3.4 ± 0.7 − 46 ± 11 18 ± 6 7 ± 1 − 4 ± 2 5 ± 2 
600.0c air 0.05  137 ± 26 5 ± 2 − 51 ± 16 15 ± 4 10. ± 3 0.19 ± 0.08 2.3 ± 0.7 2.7 ± 0.6 
600.0c nitrogen 0.3  115 ± 17 3.5 ± 0.5 − 51 ± 9 9 ± 2 4.12 ± 0.9 − 14 ± 3 1.9 ± 0.5 
600.0c nitrogen 0.05  108 ± 18 4.0 ± 0.5 − 53 ± 10 6.4 ± 0.73 6.0 ± 0.8 − 4.2 ± 0.6 0.7 ± 0.1 
760.0 aird ∼0.04 127 ± 18 <13    48 ± 1 14 ± 3     <4   
760.0 aire     8 ± 3   27 ± 5 11 ± 2 8 ± 3     3 ± 2 
 
aFinal product concentration/amount of pyruvic acid reacted. bBetween 56% and 98% of carbon is recovered for the contributing photolysis 
reactions. Starred pyruvic acid pressure designates isotopically labeled pyruvic acid (CH3C(O)13COOH) was used as the reagent. cAs noted in 
section II, these values are shown to indicate the continuation of a trend, but are not meant for further quantitative analysis. dPercent yields 
published by Berges and Warneck (1992).46 ePercent yields from photolysis experiments in the EUPHORE chamber.70,71 
 
 
could account for 1−4% of pyruvic acid loss under 
atmospheric conditions (Scheme 2).60 
 
With no buﬀ er gas, photolysis of pyruvic acid in our 
experiments produces an acetic acid yield (∼2.5−3%) compatible 
with da Silva’s (2016)60 calculations, indicating the acetic acid in 
our low-pressure experiments could indeed be a result of Scheme 
2. Though CO is in excess with respect to acetic acid at low 
pressures, at least part of it can be attributed to the photolysis of 
acetaldehyde (discussed below).82 In order to test this mechanism, 
we examine the products from the photolysis of 0.3 Torr of 
labeled pyruvic acid (CH3C(O)13COOH) balanced with 30 Torr 
of nitrogen (yields corresponding with this experiment are 
denoted in Table 1 with the starred pyruvic acid partial pressure). 
We chose to use pyruvic acid labeled at the acidic carbon because, 
if the lactone chemistry were occurring, the resulting carbon 
monoxide would be labeled and easily distinguishable from 12CO 
with FTIR. Schemes 1 and 2 track the isotopically labeled carbon 
in blue, yielding either 13CO2 or 
 
 
Scheme 2. Mechanisma for the Photolysis of Pyruvic 
Acid Yielding CO and Acetic Acid60 
 
 
13CO, respectively (Schemes 1 and 2). These experiments 
were diﬃcult to quantify; however, they do support the lactone 
mechanism. The detected acetic acid and acetaldehyde were 
unlabeled, and no unidentified peaks in the FTIR spectrum 
corresponded to CH313COOH (Figure S8). Further, although 
both CO and 13CO were produced, 13CO was present in 
approximately equal concentration to acetic acid (Table 1). 
While these results are not unequivocally conclusive, they are 
consistent with the mechanism described by Da Silva.60 
 
At this point, it is instructive to examine the ratio of acetic acid 
to CO at the end of each pyruvic acid photolysis as a function of 
the total pressure (Figure 7). The ratio [CH3COOH]/[CO] 
increases more quickly with increasing pressure of air than with 
increasing pressure of N2, surpassing one at pressures as low as 
30 Torr. This suggests there must be a second mechanism that 
 
 
 
 
 
 
 
 
 
aThe blue carbon represents the labeled carbon in the isotope 
experiments. 
 
 
 
 
 
 
 
 
 
Figure 7. Final ratios of acetic acid to CO as a function of pressure 
for all initial pyruvic acid concentrations in both nitrogen and air. 
 
 
  
 
 
produces acetic acid without also forming CO, likely involving 
oxygen. One possibility is a reaction between methylhydrox-
ycarbene and O2, which would decompose to yield HO2 and 
CH3CO. This radical pair could recombine to make peroxyacetic 
acid, which can photochemically decompose to CH3CO2 and OH, 
with the former going on to abstract a hydrogen atom to become 
acetic acid (see Figure S9, and section 4, in the Supporting 
Information for calculation details). There is only a weak overlap 
between the emission spectrum of our lamp and the absorption 
spectrum of peroxyacetic acid, and so this may not be the principal 
route by which the radical products would yield acetic acid. 
However, Berges and Warneck (1992)46 provide evidence that 
CH3CO, which can be formed either from the 
methylhydroxycarbene and oxygen reaction or from direct bond 
cleavage of pyruvic acid, can react with O2 to give CH3CO3, 
which in turn reacts with HO2 to give acetic acid and O3. Table S2 
contains the elementary reactions for this process, and 
demonstrates that this chemistry can explain not only the rising 
yield of acetic acid as the concentration of O2 is increased, but 
also the observed formaldehyde and methanol.78,85,86 Addition-
ally, this scheme can produce more than one CO2 molecule per 
pyruvic acid, so it may also account for the CO2 yields greater 
than 100%. 
 
For photolysis reactions performed in nitrogen, the ratio of 
acetic acid to CO increases much more slowly than those in air. It 
does not exceed 1 until 400 Torr. Compared to the photolysis in 
air, the growth of the acetic acid yield at higher pressures of 
nitrogen is more puzzling. It is possible the trend is an artifact of 
atmospheric oxygen leaking slowly into the nitrogen line during 
the experimental setup. While leak rates in the cell were less than 
3 mTorr/min, it takes significantly longer to fill the cell to the 
higher pressures (>200 Torr), thus more oxygen may be getting 
into the reaction environment through the introduction of nitrogen 
and creating an artificial rise in acetic acid percent yield. 
Alternatively, there may be a third pathway responsible for this 
increase that comes from an excited state of pyruvic acid, possibly 
involving the Tt conformer, or a secondary reaction, to yield 
acetic acid without consuming O2 or making CO. It is important 
to note that the carbon monoxide yield is consistently between 3% 
and 6% for all experiments at pressures of 30 Torr or greater 
(Table 1), where no acetaldehyde photolysis is observed. This is 
close to the amount of CO da Silva (2016)60 estimates the lactone 
mechanism will produce, so some acetic acid at all pressures is 
likely generated from that decay pathway. 
 
One possible source for some other minor products is the 
photolysis of acetaldehyde, which is known to decompose upon 
irradiation through three channels: eq 6a, 6b, and 6c.15,82,87−89 
 
CH3CHO + hν →  •CH3 + •CHO (6a) 
CH3CHO + hν → • H + •CH3CO (6b) 
CH3CHO + hν → CO + CH4 (6c) 
 
There is, however, minimal flux from our lamp with the 
wavelengths necessary to excite acetaldehyde (230−340 nm), and 
its photolysis rate is known to decrease with increasing 
pressure;15,82 therefore acetaldehyde photochemistry is expected 
to be minimal in a majority of our experiments, especially at 
higher pressures. Small amounts of methane (<2%) are observed 
only in the lowest pressure photolysis reactions, when the 
acetaldehyde photolysis rate is greatest. Thus, it is likely that 
methane, and corresponding amount of CO, is a result of the 
pathway in eq 6c. The radicals from eq 6a and eq 6b were not 
 
detected here, but are listed since their further chemistry could 
help explain other minor products. While the mechanism from 
the early literature on the gas-phase photolysis of pyruvic acid 
is clearly the major pathway, the minor products identified 
here, and their pressure dependence, signify additional 
noteworthy pathways, possibly involving multiple pyruvic 
acid conformers and/or electronic states. 
 
VI. CONCLUSIONS 
 
This work provides new fundamental insight into the kinetics of 
and products from the gas-phase photolysis of pyruvic acid. For 
all concentrations of pyruvic acid explored here, the photolysis 
quantum yield decreases as the total pressure of the system is 
increased. This study has also identified acetic acid as a product of 
photolysis in all pressures investigated. Acetic acid has not 
previously been detected in the low-pressure laboratory studies of 
pyruvic acid photolysis.39,48,67 Furthermore, while the major 
products, acetaldehyde and CO2, do not exhibit a pressure 
dependence, the yield of acetic acid relies strongly on pressure, in 
particular in air. As previously documented, the major products 
result from a five-membered, cyclic transition state that yields 
CO2 and methylhydroxycarbene.39,48,59,67 However, the pressure 
dependence of acetic acid observed here defines at least two 
additional pathways: one that generates CO and acetic acid via a 
lactone intermediate and another that involves a reaction with O2. 
 
Some possible mechanisms for the creation of acetic acid 
were suggested in sectionV.B, however, there are additional 
con-formers of pyruvic acid that could also contribute to 
chemistry occurring in these experiments.61,79, 80 For 
example, all mechanisms outlined in this work begin from the 
more stable conformer of pyruvic acid, Tc, which has a 
hydrogen bond between the acidic hydrogen and ketone 
oxygen, as shown in Schemes 1 and 2. However, the Tt 
conformer has been seen to increase in concentration upon 
irradiation,79,80 and may initiate chemistry not considered 
here. Though pyruvic acid is only a three-carbon molecule, 
there are many structures from and pathways by which 
photochemistry can proceed; here we consider only a few. 
 
The results presented in this work have important consequences 
for pyruvic acid in the atmosphere. The pressure dependent 
photolysis quantum yield for pyruvic acid indicates the rate of 
removal via photochemical channels will have an altitude 
dependence in the troposphere. Given that this pressure eﬀ ect is 
also found in acetone and acetaldehyde,15 ,82 it is likely that other 
atmospherically relevant aldehydes and ketones may exhibit a 
similar eﬀ ect and should be investigated. Further, the 
identification of acetic acid as a photolysis product is important to 
our understanding of atmospheric chemistry, as model studies 
show that our current knowledge of the sources and sinks of acetic 
acid in the environment is incomplete.90−92 With concentrations 
on the order of 100 ppt, gas-phase pyruvic acid photolysis itself 
cannot explain the discrepancies; however, it presents a new class 
of mechanisms to be considered as possible pathways to form 
acetic acid. 
 
Reed Harris et al. 201418 published a model study that 
compared the rates of pyruvic acid removal from several diﬀ erent 
sinks. The results suggested that the photolysis pathways in both 
the aqueous and gas phase, dominate over oxidation by OH, with 
the gas-phase photolysis being more eﬃcient under most, though 
not all, conditions. The model, however, calculated the J-value for 
gas-phase pyruvic acid using an assumed quantum yield of 1.18 
Results presented here indicate the quantum yield is less than 
 
 
  
 
 
 
 
 
 
 
one at atmospheric pressure, so the aqueous photolysis may compete with the gas-phase photolysis more often than previously thought. Nevertheless, due to the much slower reaction of pyruvic acid with OH radical,12 we still expect gas-phase photolysis to dominate OH oxidation by approximately 2 orders of magnitude under dry conditions (see Table S3 for calculation details). 
 
The sensitivity of the photolysis of pyruvic acid to important 
atmospheric conditions, such as total pressure and concen-tration, 
has broader implications for research methods in atmospheric 
chemistry. Reactions need to be studied under atmospherically 
relevant conditions, as even small fluctuations in environment 
could have large ramifications on products and rates. This 
laboratory study provides a bridge between the 
 
previous, low-pressure experiments and the outdoor/ 
simulation chamber investigations to date46,47 by systematically 
studying the photochemistry of pyruvic acid over a range of 
buﬀ er gas pressures (0−600 Torr) and compositions (air and N2). 
There are, however, conditions in the atmosphere that have not 
been explicitly studied and may be hard to reproduce in the 
laboratory. Although this study uses lower concentrations than 
previous eﬀorts, pyruvic acid in the troposphere is found at even 
lower mixing ratios than in this work. Further, the small cell we 
use introduces wall processes and diﬀusion rates that become 
more competitive with decomposition via photolysis at pressures 
near 1 atm. Analysis in a large environmental simulation chamber 
would allow for conditions to remain highly controlled, for lower 
concentrations of pyruvic acid to be studied, and for the 
minimization of wall and diﬀusion eﬀ ects. Future examination of 
the photolysis of gas-phase pyruvic acid in such a chamber would 
extend this data set to realistic atmospheric conditions. ■ ASSOCIATED CONTENT 
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the full Xe arc lamp spectrum, Stern−Volmer plots for the 
photolysis of 0.3 and 0.9 Torr pyruvic acid, FTIR spectra 
identifying each product from Table 1, an example 
experiment showing growth of minor products, an FTIR 
spectrum indicating we identify unlabeled acetic acid from 
the photolysis of labeled pyruvic acid, and the Intrinsic 
Reaction Coordinate for the calculation of the abstraction 
of OH from CH3COH, as well as tables containing ϕAvg 
and J values, the reactions and rate constants for the radical 
formation of acetic acid, and the numbers used to calculate 
the expected removal rates of pyruvic acid from the 
atmosphere via photolysis and reaction with OH. Sections 
2−4 contain a description of NO2 actinometry, a derivation 
of the Stern−Volmer equations used in the manuscript, and 
information regarding the calculation for the abstraction of 
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